Absrracl-We consider the problem of digital communication in a Rsyleigh flat fad@ environment using a multiple antenna system. \Ye assume that the transmitter doesn't hion. the channel coefficients, and that the receiver has only 811 estimate of them. We further assume that the transmitter and receiver know the statistics of the estimation error. We will refer to this system as a partially coherent system. In an earlier work, we had derix-ed a design criterion far the partially coherent constellations based on marlmizing the minimum KL distance between conditional distributions, We had also designed single transmit antenna constellations using this criterion, nhich showed substantial improvement in the performance over existing and widely-used constellations. I n this work, using the KL-based design criterion, we design partially coherent constellations for multiple antenna svslems, and evaluate their performance through simulation. \Ve sliow that, even with only a fen percent channel estimalion error, the new constellations achieve signilicant performance gains w e r the conventional constellations and existing multiple antenna tecliniques. The proposed constellations are multi-level, mith multi-dimensional spherical constellations a t each level. We also propose a recurskr construction for the constituent spherical subsets of the multiple-antenna partially coherent constellations.
I. INTRODUCTION
Exploiting propagation diversity by using multiple antennas at the transmitter and receiver in wireless comniunication systems has been proposed and studied using different approaches [1] - [7] . In [I] , [2] , it IMS been shown that in a Rayleigh flat-fading environment, the capacity o f a multiple antemlrl system increases linearly with the smaller of the number of the transmit and receive antennas, provided that the fading coefficients are known at the receiver. In a slowly fading channel, where the fading coefficients remain approximately constant for many symhol intervals, the transmitter can send training signals that allow the receiver to accurately estimate the fading coefficients. In this case the results of [ I] , [2] are applicable.
In practice, due to the fiite length of the training sequence, there will always he some errors in the channel estimates. In order to maintain a given data rate, one has to use shorter training sequences for more rapidly fading c h a~r l s , resulting in even less reliable channel estimates. Having niultiple transmit antennas adds up to this problem by requiring longer training sequences for the same estimation performance. Therefore, the usual assumption of known channel parameters at the receiver in designing optimal codesiconstellations is not exactly valid in practice. In the presence of channel estimation errors (partially coherent systems), constellations which are designed using the statistics of the estimation error are more desirable than the ones designed for perfect channel state information at the receiver. In [XI, a design critirion for partially coherent constellations has been derived based on the Kullback-Leibler (KL) distance [9] between conditional distributions. Several single transmit antenna constellations have also been designed in [8] and shown to provide significant performance improvement as compared to the conventional constellations.
In this paper, we consider the problem of designing vector constellation for multiple-antenna partially coherent systems. Simplifying the KI-based design criterion of[X] for the vector constellations and imposing a multi-level spherical structure on the constellation, we decouple the design problem into two simpler optimization problems of a) designing spherical constellations based on maximizing the minimum Euclidean distance between the constellations points, and b) constructing multi-level constellations of sphericai subsets based on maximizing the minimum intra-subset and inter-subset I U distances.
Furthermore, we propose a recursive construction method for the spherical constellations whxh simplifies the design problem and provides close-to-optimal packings on the surface of ??-dimensional complex spheres. Using the recursive constellations in the levels of the multi-level spherical constellations, we solve the decoupled optimization problem and design partially coherent vector constellations for multiple-antenna systems. We show, through simulation, that the new multipleantenna constellations can achieve significant performance gains over the conventional multiple-antenna approach of V-BLAST [3] and the orthogonal transmit diversity scheme of [4] with comparable computational complexity.
In Section 11, we introduce the system model and review the design criterion. In Section 111, we explain the proposed design method and structure of the multiple-antenna constellations. In Section IV, we introduce a recursive technique to construct spherical signal sets which are used as subsets of the partially coherent constellations. In Section V, we present some siniulation results that show significant improvement in the performance by using the new constellations instead of the conventional constellations and multiple-antenna techniques. Finally, we draw some conclusions in Section VI. 
uzhere S is the T x A4 matrix of transmitted signals with power constraint EL, E { IS^,,,^^} = T P , where stm's are the elements of the signal mamx S, X is the T x N matrix of received signals, H is the M x N matrix of fading coefficients, and TV is the T X X matrix of the additive received noise. Elements of H and TV are assumed to he statistically independent, identically distributed circular complex Gaussian random variahles-from_ the distribution CN(0,l). We also a_ssume that H = H + H , where H is known to the receiver hut H is not. Furthermore, we assume that H has i.i.d. elepents from CN(0, u i ) , and is statistically independent from H (this can he obtained, e.g., by using an LMMSE estimator).
With the above assumptions, the conditional probability density of the received signal can be written as In [IO] , it has been shown that the Performance of the ML detector is related to the KL distance hetween conditional distributions, and that a design criterion based on maximizing the minimum KL distance between constellation points can result in an improved performance for the ML detector. Based on t h s result, in [IO] In [PI, the erpecfed KL distnnce between conditional distributions corresponding to the signal points Si and Sj has been derived as
Adopting the above KL distance as the performance criterion, the si-gal set design can he formulated as the following optimization problem (7) where llS111~ = ET=, SI)^^,^' is the total power used to transmit Sr. Since the actual value of hi does not affect the maximization in (7), in designing the optimal signal sets we can always assume N = 1.
MULTIPLE-ANTENNA CONSTELLATION DESIGN
In this section, we desi-p partially coherent constellations for the multiple-antem systems. For a fixed spectral efficiency, the constellation size grows exponentially with T , e.&, to achieve a spectral efficiency of 4 bits per symbol with T = 5, one needs to d e s i g a constellation 0 f 2~' = 1,048,576 points. With multiple antennas at the transnutter and receiver, even larger spectral efficiencies are expected, making the constellation design over multiple symbol iIltenrals even more hfficult, and their decoding complexity prohhitively large. For these reasons, in this paper we only consider constellations for the case of T = 1. Notice that the actual coherence interval of the channel can be larser than this value. It is also important to notice that, u>ith T = 1, each transmitted matrix will have a unit rank, and thus will not he able to provide any transmit diversity gain. Therefore, if the actual coherence interval of the channel is larger than one, and in the absence of channel estimation errors, any transmit diversity scheme is expected to show a better performance at high SNR. However, as we will see later, in the presence of channel estinlation errors, the performance of the proposed constellations can he significantly better than transmit diversity schemes with comparable computational complexity.
Assuming T = 1, each SI will he a complex row vector. The expression for the expected KL distance in (4) reduces to 
We will have From (IO), one can see that if two constellation points (vectors) have the same norm (i.e., lie on the same Afdimensional complex sphere centered at the origin), the fust three terms will cancel out, and the KL distance will be a monotonic f i c t i o n of the Euclidean distance between them. Therefore, if one considers only constant power constellations (Le., constellations for which all of the points lie on the same sphere centered at the origin), then the design criterion becomes maximizing the minimum Euclidean distance between constellation points, similar to the case of perfect CSI at the receiver. The design problem in this case reduces to the problem ofpacking points on the surface ofan M-dimensional complex sphere (or 2Af-dimensional real sphere), which is a well studied problem (see, e.€., . . . . / I ; points, respectively, and defines the intra-subset and inter-subset distances as and then the minimum KL distance hetween the constellation points will be greater than or equal to the minimum of the inter-subset and intra-subset KL distances. In ( l l ) , and it can he shown that the optimum constellation also satisfies the extra constraint I I 5 l2 5 . . . 5 / I < -~, which can he used to further restrict the domain of search.
As mentioned above, the design problem for each subset is equivalent to a packing 'problem on the surface of an AI-dimensional complex (2M-dunensional real) sphere. This problem is a well studied problem (see, e.g., [ 111 and references therein). However, since the design and decoding complexities of the optimal packings are usually high, in the next section we propose a recursive construction for the splierical constellations, which results in a systematic design and, in some cases, low complexity decoding algorithm.
IV. A RECURSIVE CONSTRUCTIOU FOR SPHERICAL CONSTELL.4TIONS
We denote, by S, ( L ) , the L.-point recursively constructed n-dimensional real spherical constellation. We Stan from 11 = 2, and defme For 71. > 2, we construct the constellation by using a number of (11. -1)-dimensional recursive constellations as latitudes of the n-dimensional constellation. In the following, we explain this procedure with more detail for the case of 7~ = 3. Fig. I shows a 32-point 3-dimensional constellation (S3(32)) constructed from two S2(9) and one S.~(11) constellations. The minimum angle between points in the Sz (9) constellations is denoted by p. However, when this constellation is used as a subset of an S, constellation, the effective angle between the constellation points is no longer p. sin2(8, -e,,) , for p!p' = 1,. . . . P, (19) where a, is the effective minimum intra-subset angle of the pth subset, and B, and BPr are the latitudes of the subsets p and p', respectively.
Next, similar to the approach in the previous section, we simplify the optimization problem by only maximizing the minimum of the intra-subset and inter-subset distances, instead of maximizing the minimum distance between all pairs of constellation points. For this, we solve the following optimization problem: We considered two spectral efficiencies of 4 and 8 bits/symbol (bls/Hz, assuming a symbol interval equal to the reciprocal of the bandwidth), and designed patially coherent constellations for a 2 x 2 (two-transmit and two-receive antenna) system for different values of channel estimation error (O%, I%, and 5%). We evaluated the performance of the these constellations through simulation. As ow reference curves, we also simulated the case in which two independent QPSK or I6QAM constellations were used at the two transmit antennas (resulting in spectral efficiencies of 4 and 8 h/siHz, In order to compare the proposed constellations with a transmit diversity scheme, we considered the orthogonal transmit diversity approach of [4], which has a decoding complexity similar to our scheme, and evaluated its performance for a 2 x 2 system with 16QAM and 256QAM constellations (4 and 8 b/s/Hz) through simulation. These orthogonal transmit diversity schemes are designed for T = 2. Therefore, even though OUT constellations are designed for T = 1, in ow simulations, we used a channel with coherence time of two synibol intervals.
Figs. 2 and 3 show the symbol error rate curves for the case of 4 blslHz and estimation variances of 0 and 0.05, respectively. As we see, in the absence of estimation error (Fig.  2) , the QPSK and the optimal two-antenna constellations have almost the same performance. We also notice that, because of higher order of transmit diversity, at high SNR the Alamouti scheme in this case shows better performance compared to both QPSK and the optimal two-antenna constellations.
With 5% estimation error (Fig. 3) , the new constellations start showing better performance for SNR values larger than IOdB, and the performance improvement becomes substantial at higher SNR values. We also notice that the Alamouti scheme suffers from a severe performance degradation due to channel estimation errors, and its performance becomes even worse than the conventional QPSK constellations without any transmit diversity.
Figs. 4 and 5 show the synihol error rate curves for the case of 8 b/sMz and estimation variances of 0 and 0.01, respectively. As we see, in the absence of estimation error (Fig.  4) , the I6QAM and the optimal two-antenna constellations have almost the same performance. We also notice that, even though the Alamouti scheme has a larger transmit diversity With 1% estimation error (Fig. 5) , the new constellations show significant performance improvement compared to the IGQAM constellations. We also notice that the Alamouti scheme suffers from a severe performance degradation and reaches an error floor of about 3 x IO-'.
VI. CONCLUSIONS
We considered the problem of digital conlmunication in a Raylei& flat fading environment using a multiple antenna system, when only partial (imperfect) channel state information is available at the receiver. Using a previously derived design criterion based on the Kullback-Leibler distance betwreen distributions, we designed partially coherent constellations for multiple-antenna systems. We evaluated the performance of the new constellations through simulation, and showed that even with only a few percent channel estimation error, they achieve significant performance gains over conventional constellations and existing multiple-antenna techniques. The proposed constellations are multi-level, with multi-dimensional spherical constellations at each level. We also proposed a recursive construction for the constituent spherical subsets of the multiple-antenna partially coherent constellations.
